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Abstract

Charged hadronic �ve-body decays of D+ and D+
s mesons have been studied

in the E687 photoproduction experiment at Fermilab. We report the �rst

compelling evidence of the decay mode D+; D+
s ! �����+�+�+ and the

measurements of the decays D+ ! K����+�+�+, D+
s ! K�K+���+�+

and D+
s ! ����+�+. An analysis of the D+

! K����+�+�+ resonance

structure is also presented.
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The study of the hadronic decays of charm mesons has been proved to be a very pro-

ductive and active �eld in recent years. While several experimental measurements are now

available on �ve-body body decays [1] [2] [3], the theoretical predictions are limited mainly

to two-body decay modes [4]. The hadronic processes are di�cult to calculate because of

gluon exchange among the quarks in the initial and �nal states. In addition the hadrons

in the �nal state can rescatter into one another, these processes are referred as �nal-state

interactions(FSI) [5].

Although D meson decays are dominated by two-body modes, it is worthwhile to com-

plete the experimental picture of the charm meson decays with the study of the multi-body

modes.

In this letter we continue (see for example reference [6]) our study on multi-body

hadronic decay modes, by presenting results from D+ and D+
s decays into �ve charged

particles. We present the �rst compelling evidence of the decay mode D+(D+
s ) !

�����+�+�+(throughout this paper the charge conjugate state is implied).

These modes may be produced as nonresonant �nal states or via multi-body intermediate

resonant states. A study of the D+ ! K����+�+�+ resonance structure, treated as an

incoherent superposition of resonances, is also presented.

This analysis is based on data collected during the 1990-1991 �xed target run at Fermilab

with the E687 spectrometer which is described in detail elsewhere [7]. A bremsstrahlung pho-

ton beam of mean energy approximately 200GeV impinges on a 4.4cm Be target; particles

from the interaction are detected in a large aperture magnetic spectrometer with excellent

vertex measurement, particle identi�cation and calorimetric capabilities. Kaons and pions

in the D meson �nal states are well separated in the momentum range 4:5� 61GeV=c using

three multicell �Cerenkov counters. D+ and D+
s primary (production) and secondary (decay)

vertices are resolved by means of a high resolution vertex detector consisting of 12 microstrip

planes. The resolution in the transverse plane is approximately 9�m in the target region.

The �ve-body D+ (D+
s ) �nal states are selected using a candidate driven vertex algorithm

[7]. A secondary vertex is formed from the �ve reconstructed tracks and the momentum
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vector of the D+ (D+
s ) candidate is used as a seed to intersect the other tracks in the event

to �nd the primary vertex. Once the production and decay vertices are determined, the

distance ` between them and the relative error �` are computed. Cuts on the `=�` ratio are

applied to extract the D+ (D+
s ) signals from the background. The topological con�guration

of the event is tested in four ways: the primary and secondary vertex con�dence levels (a

minimum value of 2% for the primary and secondary C.L. was required) and two measures of

vertex isolation, a no point-back isolation and a secondary vertex isolation. The no point-back

isolation cut required that the maximum con�dence level for a candidate D+ (D+
s ) daughter

track to form a vertex with the tracks from the primary vertex was less than 20%. The

secondary vertex isolation cut required that the maximum con�dence level for another track

to form a vertex with the D+ (D+
s ) candidate be less than 1%. The four modes reported

here are normalized to the two prominent decay modes of the D+ and D+
s : D

+ ! K��+�+

and D+
s ! K�K+�+ �.

We turn next to a discussion of the additional analysis cuts we used to study the 3

basic decay topologies discussed in this paper, beginning with the �ve pion mode. The

D+ (D+
s ) ! �����+�+�+ decay mode is particularly di�cult to detect because of the

large combinatorial background. In order to suppress the large combinatoric background

present in the �ve pion decay mode, we made the additional requirement that the secondary

vertex lies downstream of our 4:4 cm. long Be target. Without this out of target cut the

signals are barely visible. We believe that the source of this background is the secondary

interaction of the particles(mostly pions) produced in non-charm primary vertices. Such a

secondary vertex interaction, in fact, will have a signi�cant detachment from the primary and

thus mimic the topology of a charm decay. Hence our standard vertex cuts are ine�cient

in removing this type of background. In this analysis only the �ve track combinations

�We prefer to normalize to the inclusive D+
s ! K�K+�+ decay mode rather than to the inter-

mediate state resonant mode D+
s ! ��+ because of the possibility of interference [8].
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satisfying loose pion identi�cation requirements (i.e. no pions are identi�ed as either kaons

or protons by the �Cerenkov system) are kept. Finally we require the D+;D+
s reconstructed

momentum be greater than 25 GeV/c. We also imposed a series of cuts designed to remove

backgrounds from misidenti�ed charm decays and D?'s. In order to remove backgrounds

from D?+ ! �+D0, D0 ! 4� we reject events with ���+���+ invariant mass within 2�

from the nominal value of D0 [9]. We also reject events which lie within 2� of the D+ mass

when reconstructed as K����+�+�+.

Figure 1a shows the �ve pion invariant mass plot obtained for these candidates with

primary secondary vertex detachment cut of ` � 8�`. The 5� invariant mass distribution

is �tted with a Gaussian for the D+ signal, a second Gaussian for the D+
s signal and a 2nd

degree polynomial for the background. Because of the limited statistics in the �t procedure

the D+ and D+
s masses are �xed to the world average [9] and the widths to those predicted

by our Monte Carlo. Possible contamination due to other charm hadron decays involving

either an additional �0 or charged pions outside the spectrometer acceptance would a�ect

only the low mass region which is therefore excluded from the �t. A binned maximum

likelihood �t gives 58 � 10 D+ ! �����+�+�+ and 37� 9 D+
s ! �����+�+�+ events.

In the D+ ! K����+�+�+ analysis, the requirement that one track be identi�ed as a

potential kaon su�ces to reduce background due to the secondary interactions, and therefore

no out of target cut is applied. We use very loose �Cerenkov cuts both for the kaons and

pions. Kaon candidates are essentially required to have a �Cerenkov response inconsistent

with being an electron or pion. Pion candidates are required to have a �Cerenkov response

inconsistent with being positively identi�ed as kaons or protons. The fraction of events

falling into each particle identi�cation class was reproduced by our Monte Carlo simulation.

Suitable vertex cuts are then applied to reduce the combinatorial background. We required

that the D+ reconstructed momentum be greater than 25 GeV/c. In order to remove

D?+ ! �+D0 background we discard the events with an invariant mass of the combination

K��+���+ within 2� from the D0. In order to remove misidenti�ed �ve pion decays, we

discard the events with an invariant mass of the combination �����+�+�+ within 2� from
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theD+. Figure 1b show the invariant mass plot for these candidates satisfying the additional

detachment cut of ` � 8�`. The K����+�+�+ invariant mass distribution is �tted with

a Gaussian signal peak over a second degree polynomial background. A signal of 239 � 21

D+ ! K����+�+�+ events is determined by a binned maximum likelihood �t.

For the D+
s ! K�K+���+�+ decay, the joint requirement of two kaons in the �nal

state reduces the background and allows us to use the same (very loose) �Cerenkov cuts of

the D+ ! K����+�+�+ analysis. No out of target cut was necessary and the primary

vertex con�dence level cut was reduced to 1%. In addition, as was the case in our published

[6] study of the D0 ! K�K+���+ �nal state, we dropped the no point-back isolation cut.

Because the energy release, Q, is small for these decays, tracks emerge in the laboratory with

small angles with respect to the D line of ight and therefore appear to originate from the

primary vertex. Figure 1c shows the invariant mass plot for K�K+���+�+ combinations

satisfying the ` � 8�` detachment cut. A binned maximum likelihood �t using a Gaussian

signal peak and a second degree polynomial background gives 75 � 13 events. Again we

constrain the D+
s mass and width in this low statistics �t. For this �nal state we have

studied also the subresonant decay mode D+
s ! ����+�+. In addition to the previous cuts

we require that the invariant mass of the K�K+ combination be consistent with the � mass,

that is 1:011 < MK�K+ < 1:027 to take into account the detector resolution. The resulting

histogram is shown in Figure 1d. A binned maximum likelihood �t using a Gaussian signal

peak and a second degree polynomial background gives 40� 8 events.

We measure the branching fractions of these modes relative to D+ ! K��+�+ and

D+
s ! K�K+�+. To minimize systematic e�ects, the normalizing decay mode is selected

using the same vertexing cuts of the considered mode and analogous �Cerenkov identi�cation

requirements. Our �nal measurements have been tested by modifying each of the vertex

cuts individually; the results were always consistent within the errorsy. Table I compares the

yIn the case of theD+
s ! K�K+���+�+ decay mode a contribution, due to a residual dependence
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branching ratios obtained using an e�ciencyz corrected yield with previous measurements.

In addition Table II compares our result for the branching ratio �(�3�)=�(��) with previous

measurements. Our result is lower than the previous determinations although the errors are

large.

The systematic errors on these measurements reect uncertainties in reconstruction e�-

ciency, �Cerenkov particle identi�cation and hadronic absorption of secondaries in the target

and spectrometer materials. We follow a procedure similar to our previous analysis of the

four-body decays [6]. The estimates were obtained by splitting our data into disjoint sam-

ples depending on the D+(D+
s ) momentum and the di�erent periods in which the data were

collected. The split sample variance is then de�ned as the di�erence between the reported

statistical variance and the scaled variance if the scaled variance exceeds the statistical vari-

ance. The evaluation of systematic e�ects related to di�erent �t procedures is performed

on the whole sample. The branching ratios are calculated varying the �t conditionsx and

the sample variance is used because the �t variants are all a priori likely. The split sample

variance and the variance from the di�erent �tting procedures are then added in quadrature

to obtain the systematic error.

The reported measurements of the �ve-body decays of the D+(D+
s ) meson are inclu-

sive measurements. We have additionally studied the resonance substructure in the decay

D+ ! K����+�+�+.

We use a simpli�ed approach to �t the resonance substructure in the decay

D+ ! K����+�+�+ which assumes that the �nal state is the result of an incoherent

superposition of decay modes containing the common lowest mass (K��+) and (���+)

from the vertex cuts, has been added to the systematic error.

zThe e�ciency for D+
! K����+�+�+ was calculated assuming the �nal state is composed of

a mixture of intermediate decay modes determined by our resonant analysis which follows.

xThese include the background shape and the Gaussian parameters.
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resonances plus a �ve-body nonresonant channel��: K?0���+�+;K��0�+�+;K?0�0�+ and

(K����)NR.

We extract the acceptance corrected event yield into each decay mode using a weighting

technique where each event is weighted according to the values taken by speci�c two-body

submasses in the �ve-body �nal state similar to that used in reference [6]. The weights are

obtained using information from separate Monte Carlo simulations for each of the 4 decay

modes and the formalism of a linear �t. The acceptance corrected event yields may be

determined through a �2 �t to the number of observed signal events found in each three-

dimensional bin de�ned in terms of the three submasses:yy (K��+), (���+), and (�+�+).

In the absence of interference between the decay modes, the number of predicted signal

events in each bin would be a linear transformation T of the �t parameters (which are the

acceptance corrected event yields). Since the �t is linear the �t parameters can in turn be

expressed as a linear transformation R of the observed bin populations. This R matrix,

which multiplies a column vector of observed bin populations to produce a column vector

of acceptance corrected yields for the decay modes, is constructed using the T matrix which

is computed from Monte Carlo.

An equivalent procedure, which we apply here, creates separate K����+�+�+ invariant

mass histograms for each decay mode in which the events are weighted by the appropriate R

��The assumption is this �nal state is an incoherent superposition of vector resonances that should

dominate this mode; here the nonresonant channel includes all the modes not explicitly considered

such as f0K
��+�+.

yyWe have selected two of these submasses to correspond to those in which the resonances we are

considering would peak if present. The (�+�+) submass was included so that we could make the

number of �tted bins exceed the number of �t parameters and thus avoid a zero constraint �t.

Although a zero constraint is possible it leaves us with no �2 estimate of the goodness of �t.
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matrix elementzz and determine the acceptance corrected yield by �tting the distribution to

a Gaussian function for the signal over a linear background. Using Monte Carlo simulated

mixtures of these four decay modes we veri�ed that biases in the corrected yields determined

by this procedure are much smaller than the reported statistical errors and that the results

are not sensitive to variations in reasonable choices for the resonance peak regions.

The �nal results (expressed as acceptance corrected yields) are summarized in Table

III and the four weighted histograms with �ts superimposed are shown in Fig.2. The

5th histogram (Fig.2e), which is the sum of all the modes combined, is equivalent to the

K����+�+�+ mass distribution (see Fig.1b) after correction for e�ciency. The overall �t

quality is evaluated by comparing the predicted signal yields in each of the submass bins

with the observed signal yields, as shown in Fig.3. The calculated �2 is 2.75 (4 degrees of

freedom) for a con�dence level of 60%. We assessed the systematic errors on the resonant

fraction of Table III, by gauging the stability of the results to 50% variations on the width

of the submass bins centered about the �0 and K?0.

We calculated the relative branching ratios by dividing the acceptance corrected yields

of Table III by the corrected yield (201664 � 1950) for the normalizing decay mode

D+ ! K��+�+; the systematic errors are derived from the systematic of the inclusive mode

K����+�+�+(see Table I) and the systematics on the resonant fractions reported in Table

III. Our results are summarized and compared to other recent measurements in Table IV.

The disagreement between our result for the branching ratio �(K?0�0�+)=�(K?0���+�+)incl:

and the E691 measurement [1] may be due to the indirect way they used to calculate the

amount of �0: they cut around the K?0 mass and determined the content of �0 from a �t to

the highest remaining ���+ mass combination.

In conclusion, we have measured the relative branching ratios of D+ ! K����+�+�+,

zzThe weight is the R matrix element having a row number corresponding to the decay mode and

column number given by the submass bin.
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D+
s ! K�K+���+�+, D+

s ! ����+�+ and have presented the �rst compelling evidence

of the decay mode D+;D+
s ! �����+�+�+. Our analysis of the resonance substructure in

the decay D+ ! K����+�+�+ shows some di�erences with respect to the previous E691

measurements [1]. Our analysis support the interpretation that the nonresonant component

in nonleptonic decays of the D+ meson is small; the one exception to this pattern is the

decay D+ ! K��+�+ which cannot be described without a large nonresonant component

[10].
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TABLES

TABLE I. Branching ratios for �(D+
! Decay Mode)=�(D+

! K��+�+),

�(D+
s ! Decay Mode)=�(D+

s ! K�K+�+) and comparison to previous measurements.

Decay mode E687 (This work) E691

D+
! �����+�+�+ 0:023� 0:004� 0:002 < 0:019 (90%C:L:) [2]

D+
s ! �����+�+�+ 0:158� 0:042� 0:031

D+
! K����+�+�+ 0:077� 0:008� 0:010 0:09� 0:01� 0:01 [1]

D+
s ! K�K+���+�+ 0:188� 0:036� 0:040

TABLE II. Branching ratio for �(D+
s ! ����+�+)=�(D+

s ! ��+) and comparison to previ-

ous measurements.

Experiment �(D+
s ! ����+�+)=�(D+

s ! ��+)

E687 (This work) 0:28� 0:06� 0:01

E687 (87-88) [11] 0:58� 0:21� 0:10

E691 [12] 0:42� 0:13� 0:07

ARGUS [13] 1:11� 0:37� 0:28

TABLE III. Yields corrected by e�ciency and acceptance and fractions relative to the inclusive

mode for the resonance substructure of the D+
! K����+�+�+ decay mode. These values have

not been corrected for branching ratios into unobserved decay modes of the intermediate resonances.

Decay Mode Corrected Yield Fraction

(K����+�+�+)NR �1159� 2445 0:� 0:16� 0:01

K?0���+�+ 6508� 2039 0:42� 0:14� 0:08

K��0�+�+ 6890� 1824 0:44� 0:13� 0:04

K?0�0�+ 3148� 1300 0:20� 0:09� 0:05

Inclusive K����+�+�+ 15550� 1542 1:
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TABLE IV. Branching ratios measurements for the resonance substructure of the

D+
! K����+�+�+ decay mode. We measured the �rst 4 branching ratios, the last two re-

sults are shown for a comparison with the previous measurements by E691. The branching ratios

for the unseen decay modes of intermediate resonances have been included where appropriate.

Branching ratio E687(this work) E691 [1]

�(K����+�+�+)NR

�(K��+�+)
< 0:026 (90%C:L:)

�(K?0���+�+)

�(K��+�+)
0:048� 0:015� 0:011

�(K��0�+�)

�(K��+�+)
0:034� 0:009� 0:005

�(K?0�0�+)

�(K��+�+)
0:023� 0:010� 0:006

�(K?0���+�+)incl:
�(K����+�+�+)

0:93� 0:25� 0:19 1:25� 0:12� 0:23

�(K?0�0�+)

�(K?0���+�+)incl:
0:33� 0:11� 0:08 0:75� 0:17� 0:19
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(solid curves) are described in the text and the numbers quoted are the yields.
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Fig. 2: K����+�+�+ weighted invariant mass for (a) (K+���+�+�+)NR decay

mode, (b) K?0���+�+ decay mode, (c) K��0�+�+ decay mode, (d) K?0�0�+ decay

mode, (e) Inclusive : sum of all the 4 modes. The �ts (solid curves) are to a Gaussian

for the signal over a linear background.
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Fig. 3: The solid histogram is the signal yield predicted by the �t while

the dashed points are the observed signal yields in each of the 8 submass

bins, for the K����+�+�+ �nal state. The submass bins are de�ned by

numbers � which have the value 1(0) if the submass is within(outside) a

resonance peak region or greater(lower) than the mean for the submass

�+�+, according to the mapping:

bin number = 1�K��+ + 2����+ + 4��+�+ .
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